A new approach to eradicating malaria is urgently required. Emphasizing vector eradication via larval control, we tried to find a safe concentration of copper, which can be utilized to reduce larval survival. It has been observed that mosquito larvae died when exposed to solid copper in water. We confirmed this phenomenon in our own experiments. We next studied the minimum copper concentration for effectively killing or disturbing Anopheles stephensi larvae. A concentration of 0.6 ppm had a significant impact on larval movement, making them vulnerable to predatory fish.
Introduction
Malaria is still a major problem worldwide, especially in undeveloped and developing countries. There are three common approaches to its control: medical treatment, vaccination, and vector control. The first approach focuses on finding medicines to treat malarial infections. This method however cannot diminish infection rates since malaria parasites have built up resistance to many anti-malarial drugs. Recent study shows that artemisinin-resistant malaria is emerging (Phyo et al. 2012 ). As the current first treatment involves artemisinin, this means that artemisinin is no longer guaranteed to successfully suppress malaria parasites. Vaccination is not very successful ether, because only one vaccine candidate has been found effective enough to induce immunity, i.e. the RTS, S/AS vaccine (Agnandji et al., 2011) . These problems encouraged us to concentrate on vector control, protecting against adult mosquitoes with insecticides or the usage of mosquito bed-nets (Killeen et al., 2002) .
The use of DDT to suppress adult mosquitos is believed to be the ultimate method of eradicating malaria. This approach was preferred in the past because DDT moderately reduces adult longevity and can radically suppress community-level transmission. However, larval control has a less dramatic effect and is more difficult to apply in the field. The most effective campaign against malaria vectors, in Brazil in the 1930s, relied overwhelmingly upon larval control, though many mosquitos have built up resistance to DDT (Hinzoumbe et al., 2008) . Although mosquito nets can effectively protect against adult mosquitos at sleeping time, without reducing numbers of the vector itself, mosquitos do not bite only in the sleeping period.
Consequently, we decided to focus on larval control. The larval stage is the most vulnerable stage of the mosquito life cycle. Adult mosquitoes can move freely and so are more difficult to control. Larvae, on the other hand, stay in the same environment. Thus, larval stage is an easier target for eradication. Approaches tried in the past include the utilization of fish, oil, and Paris Green (copper acetoarsenite). Many species of fish have proved effective in controlling mosquito larvae (Chandra et al., 2008) . The problem is that some larvae survive by hiding at the bottom. The use of oil has the advantage of killing both larvae and pupae, but it can also hinder the growth of vegetation and is not suitable for drinking water. Fish may also be killed when oil is used, or the wind might break up the oil film. Paris Green is a potent larvicide, but its toxicity has become apparent.
Copper, on the other hand, is widely used in daily life. Compared with Paris Green, copper has a safer toxicity range in vertebrate, especially in humans. Despite of several concerns about copper toxicity related to degenerative disease like Alzheimer (Brewer, 2012) , which is still in hypothesis level, copper deficiency is actually a more realistic problem lately. Based on the U.S. Environmental Protection Agency s recommendation, 1ppm of copper is safe for drinking water. A recent study (De Romana et al., 2011) introduced the risks and benefits of copper and suggested that the limit of 1 ppm in drinking water should be raised due to copper-deficiency problems. Some studies have revealed that copper has larvicidal capabilities. The peritrophic matrix of aquatic arthropods was perturbed by copper (Beaty et al., 2002) . Among eggs of Aedes aegypti (Linnaeus, 1762), 100 failed to hatch when exposed to 32 ppm of copper, and an LD 50 of larvae in 24 hours was achieved with 33 ppm (Keller et al., 1998) . However, this concentration is still far above the recommended value for humans (1 ppm). In this study, we try to find the minimum concentration, preferably less than 1 ppm, which can kill mosquito larvae, or at least reduce their ability to survive. By combining this with fish that prey on mosquito larvae, we seek to find a simple and inexpensive method of eradicating malaria via vector control.
Materials and Methods

Mosquitoes and mice
Anopheles stephensi Liston, 1901 (strain SDA 500) was reared in our laboratory under room temperature (26°C), 50-70 relative humidity, and a 13 : 11 h of light : dark cycle. From the day of emergence, the mosquitos were provided with a 5 fructose solution soaked in filter paper. Females five to 20 days after emergence were allowed to feed on anesthetized mice. Three days later, an ovipositing dish was placed in the cage containing gravid females. The eggs were stranded on filter paper soaking in the dish. The filter paper with eggs was placed on a 12 20 cm hatching tray containing 500 ml of water. After hatching out, 3-5 mg of carp s food per tray was sprinkled on the surface of the water twice daily. Twelve to 20 days later, pupae were collected daily and transferred to cages for adult emergence.
Female BALB/c mice were purchased from SLC (Shizuoka, Japan). The mice were fed ad libitum and exposed to a 13 : 11 h of light : dark cycle. This mosquito-mouse cycle was used to maintain the mosquitoes in our laboratory.
Preparation of copper solutions
Two copper solutions were used. Copper wire (1 g/30 cm) was used for the first experiment, which had four conditions: 1.0 g (30 cm of wire), 0.5 g (15 cm), or 0.25 g (7.5 cm) in 15 ml of water, and 15 ml of water without copper as a control. The water was changed every two days. CuSO 4 solutions were used for the second experiment. Copper concentrations were 2.4 ppm, 1.2 ppm, 0.6 ppm and 0 ppm. Each concentration was allocated to a 15 ml container. The CuSO 4 solutions were replenished with fresh solution every two days.
Preparation of larvae
For each concentration (control, the lowest concentration, the medium concentration, and the highest concentration), we prepared three containers. We placed 20 larvae of stage II or III in each container. Thus, 60 larvae were used for each concentration. Larvae were fed two times a day and the water was changed every two days to keep it clean. We examined the mortality, behavior, and movement of the larvae. Dead larvae were removed from the containers. Emerging pupae were also removed but counted as surviving larvae. Larvae were observed for 14 days, and all parameters were recorded and statistically analyzed.
Fish
Female guppy fish (Poecilia reticulate Peters, 1859) were utilized to evaluate the ability of the larvae to move. Fifty larvae were dropped in a fish tank containing five starved Guppy. The fish were maintained with anopheline larvae. One fish ate 100 stage II or III larvae every day. The water of the tank was changed twice a week.
Results Figure 1 shows that the highest concentration of solid copper (1 g/15 ml) caused significant larval mortality. Mortality started on day 5 and continued until the end of the experiment (day 14). A 50 lethal dose (LD 50 ) was achieved on day 8, and the remaining larvae failed to become pupae. The next concentration of solid copper (0.5 g/15 ml) also caused a significant mortality, starting from day 2 and persisting until day 14. Although the mortality occurred sharply in the beginning, there was no significant difference with the highest concentration (1 g/15 ml). The lowest concentration of solid copper (0.25 g/15 ml) also caused significant mortality. The mortality started from day 5 and continued until day 10. After day 10, no mortality occurred in this group, perhaps due to adaptation of the larvae or greater resistance of the late instar larvae to a toxic environment. The movement of larvae in the coppertreated group was reduced significantly compared to the control. All larvae in the coppertreated group were unhealthy, as indicated by a smaller size and darkened body color. These phenomena were dose dependent. At the higher dose, development was arrested and the larvae appeared unhealthy. Copper seemed to jeopardize survival, due to a lack of movement and unhealthy state.
We also tried to compare the copper solutions (CuSO 4 ) for the capability to kill An. stephensi larvae. Figure 2 shows that the highest concentration of copper (2.4 ppm) caused significant mortality. The mortality first occurred on day 2 and continued sharply until the end of the experiment. The LD 50 was achieved on day 9 and no pupae appeared until the end of the experiment. The medium concentration (1.2 ppm) also caused significant mortality. The mortality occurred on day 7 and continued until day 12. Mortality no longer occurred after day 12, may be due to the ability to resist a toxic environment or higher tolerance to copper in the late instars. Some pupae successfully emerged from this group from day 7. The lowest concentration of copper (0.6 ppm) did not produce significant mortality, but caused a lack of movement and developmental arrest like the solid copper.
Next we tried to test the lowest coppertreated group s survival ability by measuring larval feeding times of the guppy (P. reticulata), a well-known predator of larvae. Compared to the control group, the copper-treated larvae (0.6 ppm) were more susceptible to the predation because they were easier to capture (Figure 3) . The guppies took longer time to capture the larvae of the control group because of their survival abilities (movement, diving to the bottom and sense of danger) were still in good condition. Upon encountering predators, healthy larvae acted by evading, moving away or diving to the bottom, which made it more difficult for the predators to catch the larvae. Copper-treated larvae seemed to lose these abilities, which made them easier to catch.
Discussion
We utilize solid copper (copper wire) and copper solution (CuSO 4 ) to determine an effective dose for killing An. stephensi larvae. For copper wire, the effective lethal dose was the lowest mass (0.25 g/15 ml) at day 10. CuSO 4 showed an effective lethal dose at 1.2 ppm, the medium concentration. The LD 50 was achieved at day 10. The lowest concentration of copper solution (0.6 ppm) did not cause adequate mortality, but resulted in clear morbidity and a reduction in survivability compared to the control. It was very clear that the survival instincts and capabili- ties of the larvae were greatly affected by copper at the lowest concentration (less than 1 ppm). This loss led to greater susceptibility to predation by fish. We further confirmed that the morbidity and less of survival ability made the larvae more vulnerable to attack. The feeding time of the guppies (P. reticulata) was significantly shorter with the copper-treated larvae (0.6 ppm) than the control. The healthy larvae noticed the predators and hid at the bottom, but the copper-exposed larvae could not evade predation. In the laboratory condition the guppies finally captured all larvae in all groups, but we believed that this happened due to the very narrow and small environment of the trays. We expect that in natural large breeding place, where many vegetation and natural hiding place available for the larvae, the predatory fish will fail to capture most of the larvae due to their survival ability. It is also proved that Anopheles sp. can dive to the bottom for a long time (Silver, 2008) , which reduces the chance for predatory fish to eliminate Anopheles larvae in their natural habitat.
We believe that by utilizing copper at low concentrations, we can reduce malarial transmission through vector control, since the U.S. Environmental Protection Agency has allowed copper at concentrations of 1 pm and below to be consumed in drinking water. This is the first study to find an exact concentration of copper and examine morbidity and survival among mosquito larvae. There are reports that larvae of some species of mosquito build tolerance to copper, but the concentration of copper was low (around 0.1 ppm) (Mireji et al., 2008) . Therefore, we believe that the combination of low copper treatment of larval habitats and the utilization of indigenous predators such as medaka (Oryzias latipes Temminck & Schlegel, 1846) will help to eradicate malaria. The bioaccumulation and toxicity of copper in outdoor freshwater environment has also been examined (Hoang et al., 2011) . The results show no significant accumulation of copper in fish after treatment. This encourages us to combine a low concentration copper treatment with fish that eat mosquito larvae.
These methods are inexpensive and simple, particularly against malarial vectors in paddy fields. However, further investigation in the field will be required to ensure their success. Fig. 3 . Feeding times (seconds) for guppies (Poecilia reticulata). Group A: CuSO 4 -treated (0.6 ppm of copper) larvae. Group B: control (0 ppm) larvae. After 48 hours of exposure to copper, comparative time tests were conducted five times using the same fish. Copper-treated larvae were eaten faster. Two-tail t-tests showed a significant difference (P 0.05). Vertical axis represent the time of capture (seconds). Solid black-square represent each trial in each group. Empty white circle represent mean point from each group.
